Activation of inflammasomes is an important aspect of innate immune responses to bacterial infection. Recent studies have linked Vibrio cholerae secreted toxins to inflammasome activation by using murine macrophages. To increase relevance to human infection, studies of inflammasome-dependent cytokine secretion were conducted with the human THP-1 monocytic cell line and corroborated in primary human peripheral blood mononuclear cells (PBMCs). Both El Tor and classical strains of V. cholerae activated ASC (apoptosis-associated speck-like protein-containing a CARD domain)-dependent release of interleukin-1␤ (IL-1␤) when cultured with human THP-1 cells, but the pattern of induction was distinct, depending on the repertoire of toxins the strains produced. El Tor biotype strains induced release of IL-1␤ dependent on NOD-like receptor family pyrin domain-containing 3 (NLRP3) and ASC due to the secreted pore-forming toxin hemolysin. Unlike in studies with mouse macrophages, the MARTX toxin did not contribute to IL-1␤ release from human monocytic cells. Classical biotype strains, which do not produce either hemolysin or the MARTX toxin, activated low-level IL-1␤ release that was induced by cholera toxin (CT) and dependent on ASC but independent of NLRP3 and pyroptosis. El Tor strains likewise showed increased IL-1␤ production dependent on CT when the hemolysin gene was deleted. In contrast to studies with murine macrophages, this phenotype was dependent on a catalytically active CT A subunit capable of inducing production of cyclic AMP and not on the B subunit. These studies demonstrate that the induction of the inflammasome in human THP-1 monocytes and in PBMCs by V. cholerae varies with the biotype and is mediated by both NLRP3-dependent and -independent pathways. V ibrio cholerae is the causative agent of the diarrheal disease cholera. The O1 serogroup, which is most associated with disease, is divided into two biotypes, classical and El Tor. Classical strains were responsible for the six cholera pandemics that occurred during the 19th century and the first half of the 20th century and are noted for their severe clinical presentation. In 1961, the El Tor strains emerged as the cause of the ongoing seventh pandemic, completely displacing the classical strains from the environment and as a cause of cholera in humans (1). These strains colonize the intestine more effectively and spread between hosts more efficiently but cause fewer deaths and significantly more asymptomatic colonization (2).
V
ibrio cholerae is the causative agent of the diarrheal disease cholera. The O1 serogroup, which is most associated with disease, is divided into two biotypes, classical and El Tor. Classical strains were responsible for the six cholera pandemics that occurred during the 19th century and the first half of the 20th century and are noted for their severe clinical presentation. In 1961, the El Tor strains emerged as the cause of the ongoing seventh pandemic, completely displacing the classical strains from the environment and as a cause of cholera in humans (1) . These strains colonize the intestine more effectively and spread between hosts more efficiently but cause fewer deaths and significantly more asymptomatic colonization (2) .
The primary virulence factor for pandemic cholera strains is cholera toxin (CT), an ADP-ribosylating toxin that disables the G␣ s subunit, resulting in increased cyclic AMP (cAMP) production and secretion of fluid from enterocytes due to the opening of chloride channels. The toxin is composed of the catalytically active A (CTA) subunit associated with five CTB subunits that bind to surface GM 1 gangliosides, facilitating toxin endocytosis (3) . In addition to enterotoxigenic activity, CT has also been demonstrated to have immunomodulatory effects (4) . In mice infected with V. cholerae, CT is known to skew the immune response to promote bacterial survival by modulating the neutrophil response (5) .
In addition to CT, strains of the El Tor biotype secrete accessory toxins, including the pore-forming toxin hemolysin, the actin cross-linking multifunctional autoprocessing repeats-in-toxin (MARTX) toxin, and the secreted metalloprotease hemagglutinin (HA)/protease (6, 7) . These factors have been linked to evasion of neutrophil clearance during infection, facilitating colonization of the small intestine (8) (9) (10) . In contrast, classical strains are not hemolytic because of a deletion within the hlyA gene (11-13) and do not induce actin cross-linking because of a large deletion that removes part of the rtxA gene (14) . Given the difference in the toxin secretion profiles and the fact that CT, hemolysin, and the MARTX toxin all control innate immunity and thereby intestinal colonization, it is possible that the strains of different biotypes may not consistently stimulate the same pathways within the host innate immune system. In this study, we examined differences between the biotypes in the induction of inflammasome-dependent production of interleukin-1␤ (IL-1␤).
Inflammasomes are multiprotein complexes found in monocytic-lineage cells. They are classified in part by specific cytosolic pathogen recognition receptors (PRR) that, in response to danger signals, assemble to activate caspase-1. The PRR NOD-like receptor family pyrin domain-containing 3 (NLRP3) is known to respond to stimuli, including efflux of potassium (K ϩ ), that can be induced by pore-forming toxins. NLRP3 then can activate caspase-1 via the ASC (apoptosis-associated speck-like protein containing a CARD domain) adaptor protein. Active caspase-1 cleaves and activates proinflammatory cytokines IL-1␤ and IL-18, leading to their secretion, and induces pyroptosis. These cytokines, in turn, recruit monocytes, macrophages, and neutrophils to the site of infection and induce Th1 and Th17 adaptive immunity (15, 16) . The V. cholerae accessory toxins hemolysin and the MARTX toxin have both been shown to activate the NLRP3 inflammasome in murine macrophages, resulting in the processing and secretion of IL-1␤ (17) .
Noncanonical activation of IL-1␤ in mouse macrophages is primed by Toll-like receptor 4 (TLR4)-TRIF-IFNAR and activated by cytosolic lipopolysaccharide (LPS) binding caspase-11 in mice and caspase-4/5 in humans (18) (19) (20) (21) (22) (23) . Secreted CTB has been shown to act as a carrier of O111:B4 LPS into the cytosol, leading to activation of caspase-11 and resulting in IL-1␤ release (18, 22) .
In this study, to increase relevance to human infection, we examined secreted factors of V. cholerae known to contribute to inflammasome activation in murine macrophages for similar effects in human THP-1 monocyte-like cells and primary human peripheral blood mononuclear cells (PBMCs). We found that hemolysin secreted by El Tor strains rapidly stimulates release of IL-1␤ dependent on NLRP3 and ASC. However, the MARTX toxin does not stimulate IL-1␤ release. We further found that the catalytically active CT holotoxin, but not CTB, induces ASC-dependent but NLRP3-independent release of IL-1␤ and that this occurs both for the nonhemolytic classical strains and for El Tor strains modified to remove the hemolysin gene. These findings with CT and the MARTX toxin are distinct from studies with mouse macrophages (18, 20, 22) , suggesting that the MARTX toxin and CT produced by V. cholerae induce innate immune responses in human monocytes by a pathway distinct from those characterized in murine macrophages.
MATERIALS AND METHODS
Bacterial strains, growth media, and plasmids. The bacterial strains used in this study are listed in Table 1 . V. cholerae was grown in Luria-Bertani (LB) medium or agar supplemented with 100 g/ml streptomycin or ampicillin, as appropriate.
Strain VOV8 was generated for this study by using plasmids and methods described previously (24) . For plasmid-based production of CT, the ctxAB operon was amplified from strain P27459 chromosomal DNA with oligonucleotides JQctxAB-F/NcoI (CCATGGTAAAGATAATATTTGTG TTTTTTATTTTCC) and JQctxAB-R/EcoRV (GATATCTTAATTTGCC ATACTAATTGCGG) (the NcoI and EcoRI restriction sites are underlined). The 1.15-kb product was captured in the P BAD TOPO TA vector (Life Technologies), which allows expression under arabinose-inducible control of the araBAD promoter. The resulting plasmid, P BAD -ctxAB, was then modified by site-directed mutagenesis to change the ctxA codon at position E112 to lysine (codon shift from GAA to AAA). The resulting plasmid was transferred by electroporation at 1,800 V in a 0.1-cm cuvette into freshly cultured V. cholerae KFV101 washed three times in 2 mM CaCl 2 . After 1 h of outgrowth, bacteria with plasmids were selected on LB agar supplemented with streptomycin and ampicillin. THP-1 cells. Human monocytic leukemic THP-1 cells (C. Stehlik, lab collection) were cultured in RPMI 1640 (Life Technologies) supplemented with 10% fetal bovine serum (FBS). Stable THP-1shASC (ASCdef THP-1) cells were previously generated by lentiviral transduction with pLKO.1-based vectors (ASC sequence 5=-GCTCTTCAGTTTCACACC A-3= and a nontargeting control sequence [Sigma] ). Envelope and packaging plasmids were produced in HEK293T cells by puromycin selection (25, 26) . THP-1 cells deficient in NLRP3 (NLRP3def THP-1) were purchased from InvivoGen and cultured in supplemented RPMI as described above, with 200 g/ml hygromycin added at every other passage, in accordance with the manufacturer's instructions.
Monocyte isolation. Human PBMCs were isolated by Ficoll-Hypaque centrifugation (Sigma) from healthy donor blood after informed consent was obtained under a protocol approved by the Northwestern University Institutional Review Board. Monocytes were isolated from PBMCs by countercurrent centrifugal elutriation in the presence of 10 g/ml polymyxin B with a JE-6B rotor (Beckman Coulter) as described previously (27) . Monocytes were washed in Hanks balanced salt solution and resuspended in RPMI medium supplemented with 20% FBS. Monocytes were routinely phenotyped to ensure Ͼ85% purity, as determined by flow cytometry for CD45 and CD14 (27) .
Bacterial and LPS/CT treatment of THP-1 cells and PBMCs. Liquid cultures of V. cholerae were grown from single colonies in LB medium with appropriate antibiotics overnight at 30°C with shaking. Overnight cultures were subcultured 1:1,000 in LB medium with antibiotics at 37°C with shaking until mid-log phase (A 600 of ϳ0.5). Bacterial pellets were washed twice and diluted in phosphate-buffered saline (PBS) to the appropriate number of CFU/ml by using A 600 to determine culture density. A 50-l volume of a V. cholerae suspension was added at a multiplicity of infection (MOI) of 25 to 5 ϫ 10 5 to 1 ϫ 10 6 THP-1 cells or PBMCs seeded in RPMI 1640 supplemented with 1% FBS without antibiotics in 12-well culture dishes. Plates were centrifuged at 500 ϫ g for 5 min and then incubated at 37°C in 5% CO 2 for 3 h, at which point supernatant fluids were collected and assayed. For 16-h experiments, after a 3-h bacterial treatment, the medium was replaced with fresh culture medium containing 100 g/ml gentamicin and supernatant fluids were assayed at 13 h postinfection. For assays when agents were administered prior to the addition of bacteria, 5 g of either CT or CTB, 50 g of forskolin dissolved in dimethyl sulfoxide (DMSO), or the equivalent volume of DMSO as a vehicle control was added to cells for 1 h and then the cells were treated with bacteria as described above. All other treatments were conducted as indicated in the figure legends.
Immunoblotting. THP-1 cells were washed in PBS and then resuspended, boiled, subjected to SDS-PAGE, transferred to Immobilon polyvinylidene difluoride membranes (Millipore), and probed with the appropriate antibodies; this was followed by chemiluminescence detection by ECL reagents (Thermo Scientific). Western blotting for actin crosslinking was performed with THP-1 cells seeded at 2 ϫ 10 6 /ml after 90 min of bacterial treatment with the strains indicated at an MOI of 25 with rabbit anti-actin monoclonal antibody (Sigma). Lysates were analyzed for caspase-1 after 5 min of infection at an MOI of 25 with a mouse anti- (25), with actin as a loading control. IL-1␤ enzyme-linked immunosorbent assay (ELISA). Following treatment, supernatant fluids were collected and any recovered THP-1 cells or PBMCs were pelleted at 500 ϫ g; this was followed by a second centrifugation at 13,700 ϫ g to remove bacteria. Supernatant fluids were stored at Ϫ20°C until analyzed. All samples were analyzed by quantitative sandwich enzyme colorimetric immunoassays according to the manufacturer's instructions (R&D Systems), and the plates were read on a Molecular Devices SpectraMax M5 microplate reader at 450 nm and IL-1␤ was quantified in picograms per milliliter on the basis of a standard curve.
CT ELISA. A total of 5 ϫ 10 7 CFU of mid-log-phase PBS-washed cultures prepared as described above were added to 1 ml of RPMI 1640 with 1% FBS and grown statically at 37°C for 3 h. For strains requiring arabinose induction, bacteria were grown in RPMI medium without glucose and supplemented with 1% arabinose to induce ctxAB gene expression. Supernatant fluids were cleared of bacteria by centrifugation at 16,000 ϫ g for 1 min and assayed with Nunc-Immuno 96-well microtiter plates precoated with bovine monosialoganglioside G M1 (Sigma) as previously described (28) . Supernatant fluids were incubated in the microtiter plates, probed with rabbit anti-CT serum (Sigma), alkaline phosphatase-conjugated goat-anti-rabbit secondary antibody (Sigma), and p-nitrophenylphosphate (SIGMAFAST p-nitrophenylphosphate tablets; Sigma). Color was allowed to develop for 6 min, and the plate was read with a Molecular Devices SpectraMax M5 microplate reader at 450 nm. CT was quantified in nanograms per milliliter on the basis of a CT standard curve prepared from toxin serially diluted in water.
Hemolysis assays. Hemolysis was determined by streaking on blood agar plates prepared from tryptose agar base (Difco) agar mixed with 5% sheep blood cells (Lampire Biological Products). For liquid assays, sheep blood cells at a concentration of 5% in PBS were washed three times at 2,000 ϫ g for 10 min. Fifty microliters of LB culture supernatant fluids from V. cholerae grown until mid-log phase at 37°C was collected and incubated in a 96-well plate in triplicate with 50 l of 5% sheep red blood cells in a 96-well microtiter dish. Plates were incubated at 37°C for 4 h. The plate was spun at 1,000 ϫ g for 5 min to pellet the intact red blood cells. Percent hemolysis was quantified by dividing the sample A 540 (minus the A 540 for lysis obtained with LB medium alone) by the A 540 upon 100% lysis by 1% Triton X-100.
cAMP production in cells cocultured with V. cholerae. Bacterial treatment was done as described above, except that 10 7 THP-1 cells were seeded into 12-well tissue culture dishes. Two hours prior to bacterial addition, cells were washed three times with PBS and the medium was changed to phenol red-free RPMI without antibiotics containing 1% FBS and 1% arabinose for induction of the araBAD promoter. After the addition of bacteria, plates were centrifuged at 500 ϫ g for 5 min. The plates were then incubated at 37°C in 5% CO 2 for 3 h. Cells were collected, washed once in PBS, and then lysed with 500 l of PBS with 1% Triton X-100 at 37°C for 10 min, and 100 l of lysate was analyzed with the Enzo Life Sciences cAMP Complete ELISA according to the manufacturer's protocol, except for the use of the alternative lysis buffer indicated above to lyse the cells. To generate a positive control for the assay, 10 M forskolin was added to an extra well 30 min prior to the end of the incubation period and assayed for maximum cAMP production in parallel with the other samples. Plates were read on a Molecular Devices SpectraMax M5 plate reader, and concentrations (in picograms per milliliter) were determined on the basis of a cAMP standard curve. Measured cAMP levels were normalized to the amount of protein present in the sample determined with Precision Red Advanced Protein Assay Reagent (Cytoskeleton, Inc.) in accordance with the manufacturer's recommendations.
Statistical analysis. All statistical analyses were performed with GraphPad Prism 4 or 6 for Macintosh software (GraphPad Software Inc., San Diego, CA). ELISA data were analyzed by two-tailed Student t test. P values of Ͻ0.05 were considered statistically significant.
RESULTS
V. cholerae El Tor, but not classical, strains induce rapid ASCdependent secretion of IL-1␤. To initiate this study, undifferentiated THP-1 monocytic cells were incubated with various wildtype V. cholerae strains. Cells were not primed with LPS prior to the addition of bacteria since V. cholerae can activate NF-B without priming and this activation does not depend on secreted toxins (see Fig. S1 in the supplemental material).
When incubated with undifferentiated THP-1 monocytes for 3 h at an MOI of 25, all of the wild-type V. cholerae El Tor biotype strains tested showed measurably greater IL-1␤ secretion than cells mock inoculated with PBS (Fig. 1A) . The levels detected are lower than those in other studies, as they are due solely to stimulation by V. cholerae and, because of the absence of priming, are not also induced by exogenously added Escherichia coli LPS. This stimulation of IL-1␤ secretion occurred irrespective of whether the El Tor strains produced the Inaba O-antigen serotype (N16961 and P27459) or the Ogawa O-antigen serotype (E7946) (Fig. 1A ). Parallel assays with small interfering RNA ASC knockdown cells (confirmed by Western blotting not to produce the adaptor protein ASC; see Fig. S2 in the supplemental material) showed that the increase in IL-1␤ release was dependent upon ASC, linking IL-1␤ secretion levels to the activation of inflammasomes (Fig. 1A) .
In comparison, with two different isolates, classical strains 9459 and O395 induced much less IL-1␤ secretion from THP-1 monocytes than did El Tor strain N16961 under our test conditions (Fig. 1B) . The difference in the abilities of these strains to induce IL-1␤ production was not due to differences in bacterial growth rates, as all of the strains grew equally well in culture medium (see Fig. S3A in the supplemental material). This difference was also not due to unexpected lysis from pyroptosis due to treatment with classical strains, as the cells were not lysed in this time frame (see Fig. S3B ). Thus, there is a distinct quantitative difference between El Tor and classical strains in the induction of ASCdependent IL-1␤ secretion from THP-1 cells, independent of their growth parameters.
Rapid secretion of IL-1␤ from THP-1 monocytic cells is independent of CT. Previous studies have shown that purified CTB, when added to murine macrophages, can serve as a carrier of exogenously added E. coli LPS into the cytosol, resulting in caspase-11-dependent noncanonical activation (22) . Noncanonical activation of IL-1␤ is primed by TLR4-TRIF-IFNAR and cytosolic LPS to activate alternative caspase-11 in mice and is marked by potent cell lysis (18) (19) (20) . Caspase-4, a human functional ortholog of murine caspase-11, was shown to recognize and bind intracellular LPS, leading to oligomerization and activation of caspase-4, similar to caspase-11 in murine bone marrow-derived macrophages. Indeed, caspase-4 could complement a caspase-11 knockout phenotype, indicating that the noncanonical pathway is conserved in mice and humans (23) .
However, similar activation of IL-1␤ secretion does not occur when CT and CTB are added to undifferentiated THP-1 cells in combination with ultrapurified E. coli O111:B4 LPS (see Fig. S4 in the supplemental material). Indeed, the rapid induction of IL-1␤ secretion by El Tor V. cholerae strains was not due to CT, as complete deletion of both the ctxA and ctxB genes that encode the CTA and CTB subunits, respectively, did not reduce the levels of ASCdependent IL-1␤ secretion (Fig. 1C) . In addition, the levels of IL-1␤ secretion did not correlate with naturally varied levels of CT secretion by two different El Tor isolates (Fig. 1D ). These data demonstrate that CT is not linked to the rapid release of IL-1␤ from THP-1 cells.
Rapid secretion of IL-1␤ from THP-1 cells is due to hemolysin, but not the MARTX toxin or HA/protease. To assess if the accessory toxins account for inflammasome activation in THP-1 cells, as previously shown in murine macrophages (17) , V. cholerae P4 (El Tor P27459⌬ctxAB) was confirmed to produce the accessory toxins by its abilities to induce covalent cross-linking of actin in THP-1 cells dependent on the MARTX toxin encoded by the rtxA gene ( Fig. 2A) and to secrete hemolysin dependent upon the hemolysin gene hlyA ( When incubated with THP-1 cells, ⌬ctxAB mutant strain P4 induced IL-1␤ secretion dependent upon ASC, and additional deletion of the hlyA gene completely abolished ASC-dependent IL-1␤ secretion (Fig. 2C ). This activity was not redundant with the MARTX toxin, since the deletion of rtxA from P4 did not affect the levels of IL-1␤ secretion (Fig. 2C) . Indeed, the P4⌬hlyA mutant strain did not induce IL-1␤ secretion despite its ability to produce a functional MARTX toxin, as shown by the ability of the strain to efficiently cross-link actin ( Fig. 2A) .
We also considered if HA/protease could affect IL-1␤ secretion. This secreted protease is known to decrease the effects of the MARTX toxin and hemolysin during infection (7) and to degrade the MARTX toxin in stationary-phase cultures (29) but has a minimal effect on the MARTX toxin when added to THP-1 cells or hemolysin in plates or liquid culture ( Fig. 2A and B ; see Fig. S5 in the supplemental material). The absence of the hapA gene also did not alter the ability of El Tor V. cholerae to induce ASC-dependent IL-1␤ secretion, demonstrating that HA/protease does not contribute to inflammasome activation. In addition, it did not change the conclusion that hemolysin, but not the MARTX toxin, is essential for IL-1␤ secretion (Fig. 2D) .
It is possible that the increased levels of IL-1␤ detected in supernatant fluids is due to hemolysin-dependent cell lysis that would release pro-IL-1␤ from cells that would also be detected by ELISA. However, minimal release of lactate dehydrogenase (LDH) was observed upon bacterial treatment and the LDH levels observed were equal in all of the samples tested independent of hlyA (Fig. 2E) . Further, these data show that hemolysin induced IL-1␤ secretion in THP-1 cells is not accompanied by pyroptosis.
The pore-forming hemolysin is known to induce the activation of IL-1␤ from murine macrophages via the cytosolic PRR NLRP3 (17) . To test if hemolysin-stimulated IL-1␤ production in THP-1 cells is also due to NLRP3, we tested NLRP3def THP-1 cells. These cells were confirmed to lack NLRP3-dependent signaling by the lack of CaCl 2 -inducible IL-1␤ production in response to LPS (see Fig. S6 in the supplemental material). Using NLRP3def THP-1 cells, we showed that the IL-1␤ secretion induced by hemolysin from wild-type El Tor strain P27459 is reduced by the absence of hlyA and that the effect is dependent on NLRP3 (Fig. 2F) .
NLRP3 inflammasome activation is a two-step process (30) . TLR and NOD2 ligands prime the cell by inducing NF-B activation, and this activation is independent of the secreted toxins (see Fig. S1 in the supplemental material). Activated NF-B then mediates the expression of NLRP3, pro-caspase-1, and pro-IL-1␤. A second signal is required for assembly of the inflammasome complex, thus leading to the activation of caspase-1. However, in the absence of hemolysin, caspase-1 is not activated (see Fig. S7 in the supplemental material), indicating that hemolysin activates NLRP3 by acting as the second signal that is required for the cleavage of caspase-1. Additionally, deletion of hlyA had no effect on tumor necrosis factor alpha (TNF-␣) secretion from THP-1 cells (see Fig. S8 in the supplemental material), further demonstrating that hemolysin specifically activates the inflammasome, as opposed to exerting a nonspecific induction of cytokine expression.
Thus, our studies show that rapid induction of IL-1␤ secretion by El Tor strains in THP-1 cells is due solely to the pore-forming hemolysin via NLRP3 and ASC and is independent of CT, the MARTX toxin, HA/protease, and all other bacterial factors. This is in contrast to previously published studies with mouse macrophages that had, in addition to hemolysin, linked inflammasome activation to CTB (18, 22) and the MARTX toxin (17) .
Classical V. cholerae strains induce low levels of IL-1␤ secretion dependent on CT and ASC but independent of NLRP3. Despite clarity that only hemolysin is linked to rapid NLRP3/ASCdependent IL-1␤ secretion from THP-1 cells by El Tor strains, multiple independent studies using murine macrophages have reported that classical V. cholerae strains can activate inflam- masomes (18, 20) , even though these strains do not produce either hemolysin (11) (12) (13) or the MARTX toxin (14) due to naturally occurring inactivating mutations. In addition, studies with phorbol ester-activated THP-1 cells show that CT alone can induce low-level IL-1␤ secretion (31) . However, after 3 h of infection of THP-1 cells, our studies show that classical strains 9459 and O395 induced relatively modest IL-1␤ secretion compared to an El Tor strain, although the low level of IL-1␤ was statistically significantly higher than that in ASCdef THP-1 control cells (Fig. 1B) . In previous studies that demonstrated the ability of classical strains to induce inflammasome activation, cells were either incubated overnight in purified toxins and LPS (18, 31) or incubated with bacteria for 3 h as ours were, but then the cells were washed and cytokine secretion was assayed after 13 h of further incubation in antibiotic-containing medium to amplify the detection of cytokine accumulation over time (20) . Similarly, to amplify the detection of IL-1␤ secretion in this study, THP-1 cells were incubated with classical strains 9459 and O395 at an MOI of 25 for 3 h, followed by 13 h in gentamicin-containing medium. After the additional 13 h of incubation, high levels of IL-1␤ secretion were observed. The predominance of the activation was ASC dependent, although ASC-independent activation was also evident (Fig.  3A) . The presence of ASC-independent activation in this assay also is evidence that the ASC knockout cells are responsive to V. cholerae stimuli under these conditions. We thus revisited whether CT secreted by V. cholerae can activate inflammasomes under these conditions. Deletion of ⌬ctxAB completely abrogated caspase-1 activation and ASC-dependent secretion of IL-1␤, compared to parent strain O395. Interestingly, deletion of only the ctxA gene also significantly inhibited caspase-1 activation and IL-1␤ release (Fig. 3A) , despite ongoing secretion of CTB ( Fig. 3 ; see Fig. S7 in the supplemental material). Thus, the CT holotoxin, but not CTB alone, is responsible for activation of caspase-1 and increased IL-1␤ secretion from THP-1 cells. Next, we determined if IL-1␤ secretion induced by classical strains at 16 h is dependent on the NLRP3 inflammasome, as previously reported in murine macrophages (18) . To evaluate this, we incubated THP-1 and NLRP3def THP-1 cells with classical strains 9459 and O395. IL-1␤ secretion by classical strains occurred entirely independent of NLRP3. In addition, under our assay conditions, we found that all of the classical V. cholerae strains induced only low-level lysis of cells at 16 h for (Fig. 3C) , revealing that measured IL-1␤ secretion is not due to CTA-dependent release of pro-IL-1␤ from lysed cells. These results further suggest that pyroptosis does not accompany IL-1␤ secretion even during the 3 h of incubation with classical strains or during the subsequent 13 h of incubation in gentamicin.
El Tor V. cholerae strains also induce IL-1␤ secretion independent of hemolysin. We reasoned that El Tor strains should likewise be able to activate CT-dependent induction of IL-1␤ secretion. Since expression of the pore-forming hemolysin is cytolytic after several hours (32), CT-dependent inflammasome acti- vation was tested with the P27459⌬hlyA strain and the isogenic ⌬ctxAB strain P4⌬hlyA (Fig. 4A) . Secretion of CT by the P27459⌬hlyA strain and the lack of CT secretion by the P4⌬hlyA strain during the 3 h of incubation in culture medium were confirmed by ELISA (Fig. 4B) . When THP-1 and NLRP3def THP-1 cells were incubated with V. cholerae, only P27459⌬hlyA induced high levels of IL-1␤ secretion at 16 h and this CT-dependent secretion was, similar to studies with classical strains, independent of NLRP3. Additional deletion of the rtxA gene further demonstrated that the MARTX toxin did not contribute to inflammasome activation in THP-1 cells, even after extended incubation (Fig. 4A) .
The CTA subunit is responsible for activation of inflammasome-dependent IL-1␤ release. Data on classical strains indicate that induction of the inflammasome in THP-1 cells by CT is linked to the CTA, and not the CTB, subunit (Fig. 3 ). To further demonstrate this also in El Tor strains, we cloned the ctxAB genes onto a plasmid to express CT under the control of the arabinoseinducible P BAD promoter. Under arabinose induction, KFV101 expressing ctxAB produced high levels of CT, up to 100 times the natural levels. When transformed to express ctxAB, induction of IL-1␤ release from KFV101 was stimulated, in contrast to a vector-only control (Fig. 5A) . As induction was detectable, we could test if the CT contribution to increased IL-1␤ secretion was due to the structure of CTA or due specifically to its catalytic activity by modifying ctxA via site-directed mutagenesis to produce CTA E112K, a well-characterized catalytically inactive mutant form of CTA (33) . We confirmed that CT E112K is secreted from KFV101-transformed cells by ELISA (Fig. 5B) but does not induce cAMP production from THP-1 cells (Fig. 5C ). This mutant form did not stimulate an increase in IL-1␤ release over the level measured in the vector control, linking inflammasome induction to catalytically active CTA.
Further, THP-1 cells treated with purified CT holotoxin, followed by 3 h of incubation with KFV101, were able to secrete IL-1␤ robustly (see Fig. S9 in the supplemental material). In contrast, treatment with CTB alone did not induce IL-1␤ secretion. Thus, similar to our findings with bacterial toxins secreted endogenously (Fig. 3) or exogenously (Fig. 5) , it is the CT holotoxin that potently induces inflammasome activation. In order to test further whether any stimulus of cAMP might induce activation, we treated THP-1 cells with a concentration of forskolin sufficient to induce cAMP production to a level comparable to that of CT (see Fig. S9 ). However, forskolin, in combination with KFV101 infection, did not induce IL-1␤ secretion (see Fig. S9 ). Therefore, these studies show that the sustained modified signaling environment of covalent modification of the adenylate cyclase by the CTA subunit is responsible for inflammasome activation.
Primary human monocytes also secrete IL-1 ␤ in response to hemolysin and CT during V. cholerae infection. THP-1 cells have been used extensively to study human inflammasomes and have been shown to require priming signals similar to primary human macrophages (16, 34) . THP-1 cells are also an attractive model system for inflammasome activation, as they allow the development of stable cell lines in which specific inflammasome components are knocked down. However, THP-1 cells are not a perfect model of primary human monocytes, demonstrating some differences in cytokine profiles in response to stimuli (35, 36) .
In order to demonstrate that our observations of inflammasome activation pathways in THP-1 cells are relevant to primary human cells, we incubated PBMCs with different strains of V. cholerae and measured IL-1␤ secretion. Similar to our observations on THP-1 cells, PBMCs secreted IL-1␤ in response to infection with El Tor strain P27459 after 3 h of infection and this secretion was dependent on hemolysin (Fig. 6A) . Secretion of the unrelated cytokine TNF-␣ was evident after 3 h of infection, independent of the action of hemolysin (Fig. 6D) . Also similar to THP-1 cells, El Tor V. cholerae did not induce cell lysis or pyroptosis in primary human monocytes under these incubation conditions (Fig. 6G) .
In contrast to THP-1 cells, classical V. cholerae strain O395 induced a much more robust secretion of IL-1␤ from primary human monocytes within 3 h of infection, perhaps indicating a more potent effect of CT on primary cells. This IL-1␤ secretion was largely dependent on CT, as the levels of IL-1␤ measured from ⌬ctxA mutant strain O395N1and ⌬ctxAB mutant strain O395NT were significantly lower than those of the wild type. However, there appears to be a CT-independent pathway of activation also present in primary human monocytes, as the mutant strains did induce a low level of IL-1␤ secretion above that of mock-infected controls.
In sum, these studies show that V. cholerae induces both NLRP3-dependent activation of the inflammasome dependent upon the hemolysin and NLRP3-independent activation due to catalytically active CT and this occurs both in culture THP-1 monocytic-like cells and in primary human monocytes. Thus, when considering V. cholerae-induced inflammasome activity, it is important to consider that multiple activation pathways are stimulated with differing kinetics, with variations occurring due to the strain of bacteria, the species of immune cell, and the context.
DISCUSSION
Extensive work has connected secreted factors of V. cholerae to modulation of the innate immune response. In particular, numerous studies have shown a linkage between V. cholerae activation of the inflammasome in innate immune cells resulting in release of the proinflammatory cytokine IL-1␤ (17, 18, 20, 31) . Both V. cholerae and purified secreted components of V. cholerae have been examined recently as activators of noncanonical inflammasomes (18, 20) , wherein CTB is found to function as a carrier of E. coli O111:B4 LPS into the cytosol to stimulate caspase-11 (22) . However, previous work on CTB had shown that it does not induce IL-1␤ release from THP-1 cells when coincubated with E. coli O111:B4 LPS, suggesting that different pathways function in THP-1 cells compared to murine macrophages (31) . The distinction in these results suggests that the pathways that drive the stimulation of innate immune responses in THP-1 cells may be different from those induced in murine macrophages, although caspase-4/5 can also function as an LPS receptor in THP-1 cells, similar to caspase-11 in murine macrophages (23) . Further, studies with murine macrophages have been done in some cases with El Tor strains (17) , while others used classical strains (18, 20) without noting that they should activate different innate immune pathways because of differences in their toxin repertoires.
In this study, we used a singular readout of IL-1␤ release to facilitate the screening of our extensive collection of V. cholerae strains and mutants to define which secreted factors identified in murine macrophages as contributing to inflammasome activation are required for induction of IL-1␤ release from human monocytic cells dependent upon core components of the canonical inflammasome complexes. A second advantage of using IL-1␤ release as a readout for inflammasome activation is that it allows us to directly quantify altered responses from both canonical and noncanonical inflammasomes. Furthermore, most studies are conducted with LPS-primed cells, although V. cholerae is a Gramnegative bacterium that is known to have an LPS that potently activates TNF-␣ in both murine macrophages and THP-1 cells (37) . The absence of priming allowed us to exclude any priming artifacts and thereby to directly assess the ability of V. cholerae strains to promote IL-1␤ release. After the initial screening of a large number of strains via IL-1␤ release, a smaller number of activating strains could then be further tested for cell lysis and caspase-1 activation.
Using these methods, we found that classical strains such as 9459 and O395, which are by definition nonhemolytic (38) , do not induce the inflammasome via NLRP3. In contrast, the pore-forming hemolysin produced by strains of the El Tor biotype does induce the inflammasome via NLRP3 in either murine macrophages (17) or THP-1 cells (Fig. 3) . It is notable that, together, these results deviate from those of some studies that have reported that classical V. cholerae induces the inflammasome via NLRP3. It is therefore important to recognize that V. cholerae stimulation of NLRP3 is highly dependent on the biotype and does not include strain 9459, which is commonly used for inflammasome studies (18, 20) .
Similar to hemolysin, classical strains also do not produce the MARTX toxin (14) , while some, but not all (39), El Tor biotype strains do produce the MARTX toxin. In murine macrophages, it was found that the MARTX toxin does induce processing of IL-1␤ and rapid lysis of cells (17) . In contrast, this toxin is active and induces actin cross-linking in THP-1 cells but it does not induce IL-1␤ secretion or lysis of cells (Fig. 2) . Indeed, mutants with a deletion in the hlyA gene but with the rtxA gene intact did not lyse THP-1 cells during 3 h of incubation with bacteria or at any point during a subsequent 13 h of incubation and showed no induction of IL-1␤ release during this period (Fig. 4) . Thus, there is clearly a difference in the response to the MARTX toxin in murine macrophages and that in human THP-1 cells. The MARTX toxin is known not to induce lysis of human epithelial cells (40, 41) and thus is not considered a pore-forming cytolysin, so it is not surprising that it would not induce NLRP3 in all cell lines. It does, however, transfer effector domains to the target cell cytosol, where actin dynamics are modified, including inactivation of Rho GTPases (41) . One possible difference between the two systems is that pyrin domains have recently been identified as activating the inflammasome complexes by responding to changes in cytoskeletal dynamics, especially modification of Rho GTPases (42) . However, THP-1 cells have pyrin-only proteins (POPs) that can finetune the activation of pyrin domain-containing Nod-like receptor (PYD-NLR) inflammasomes (43, 44) . These POPs are not present in mouse cells (45) . In addition, human and mouse macrophages differ in the expression of NLR and ALR genes (27, 46) . Thus, the difference in the system may reflect actual variation in the signaling of inflammasome activation, but this will need to be examined further. An alternative explanation is that the MARTX toxin either fails to activate or actively suppresses signaling pathways. While the actin cross-linking activity of the actin cross-linking domain of the V. cholerae MARTX toxin is well characterized (47), the detailed mechanism of action of the other two effector domains remains unknown. It has recently been suggested that these domains function in part to manipulate either cytokine production or activation and that this manipulation may vary by cell type (41) . This must occur downstream of NF-B activation, as the MARTX toxin did not influence this step (see Fig. S1 in the supplemental material). Testing of the linkage of any particular domain to a signaling response requires extensive genetic modification of the toxins to unlink the putative signaling activities from the predominant activity of actin cross-linking.
As noted, classical strains do not induce the NLRP3 inflammasome but do induce inflammasomes in an NLRP3-independent manner, as do El Tor strains when hlyA is deleted. In contrast to extensive studies performed with CTB added to cells in combination with purified LPS (31, 37, 48), we found that CT produced by both classical and El Tor strains stimulated IL-1␤ release from THP-1 cells dependent upon the A, and not the B, subunit. Further, a catalytically active CTA subunit was essential. Although the activation occurs independent of NLRP3, this activation is through a canonical inflammasome pathway, as THP-1 cells incubated with classical strain O395 demonstrated activation of caspase-1 (see Fig. S7 in the supplemental material).
Although we demonstrate the necessity of a catalytically active CTA subunit, it is surprising that CTA-mediated inflammasome activation cannot simply be attributed to an increase in intracellular cAMP. THP-1 cells primed with a multitoxin-deficient strain and treated with forskolin did not secrete IL-1␤, despite robust cAMP production. One possible explanation for this is that it is the sustained presence of high levels of cAMP due to constitutive activation of the cellular adenylate cyclase by covalent modification that is important, possible resulting in long-term changes in ion flux, signaling, or even gene expression that can then influence inflammasome activation.
While these studies were conducted with human THP-1 cells, an examination of published results reveal that our data are consistent with observations from a limited number of studies wherein classical V. cholerae was added to primary murine macrophages. In fact, classical strain 9459 is known to activate murine macrophages dependent on ASC (18, 20) , and activation by V. cholerae bacteria, as opposed to by LPS plus CTB, was at least partially NLRP3 independent (18) . Here, in human cells, we demonstrate the same and further show that activation is dependent on CTA and not CTB.
Although THP-1 cells provide a unique opportunity to ascertain the role of specific inflammasome complexes, we also sought to determine if the same V. cholerae toxins that activate in THP-1 cells are required for IL-1␤ secretion in primary human PBMCs (Fig. 6) . We found that, similar to THP-1 cells, PBMCs respond to hemolysin of El Tor strains by secreting mature IL-1␤. Studies of classical V. cholerae show that IL-1␤ release occurs in response to CT, but this occurs more rapidly than in THP-1 cells, with robust IL-1␤ secretion measured after 3 h. Similar to our findings on THP-1 cells, there is no difference in IL-1␤ secretion after PBMC incubation with a ⌬ctxB mutant strain versus a ⌬ctxAB mutant strain, indicating the same critical role for CTA in inflammasome activation. There is some background level of IL-1␤ released by PBMCs incubated with the ⌬ctxAB strain, and further experimentation is required to determine if there is an alternative activation pathway that has a minor contribution to inflammasome activation by classical V. cholerae in PBMCs.
Overall, in this study, we have shown that the different biotypes of V. cholerae can induce inflammasome-dependent release of IL-1␤. In THP-1 cells, both classical and El Tor strains induce a low level of IL-1␤ that requires long incubation to increase detection and this low-level induction depends on the CT holotoxin, with human PBMCs being more potently and rapidly activated. However, El Tor strains also produce accessory toxins, including hemolysin, which induce much more rapid and robust NLRP3-dependent activation in both THP-1 cells and PBMCs. Thus, in the hemolytic El Tor strains that are responsible for the ongoing seventh cholera pandemic, parallel inflammasome activation mechanisms exist for the detection of V. cholerae by the innate immune system. Future studies in this field need to include consideration of the strain that is being used, as well as appropriate genetic mutants to properly assign an inducing toxin to a specific pathway when examining the contribution of bacterial components to inflammasome activation.
Suppl. Fig. 1 . V. cholerae induces activation of NF-κB independent of priming with E. coli LPS and does not depend on secreted toxins. THP-1 cells were either mocktreated with PBS or treated at MOI 25 with V. cholerae wild-type El Tor strain P27459 or its isogenic multitoxin deletion derivative KFV101 (∆ctxAB∆hlyA∆rtxA∆hapA) for 45 min. Cell lysates were assayed for the p65 subunit of activated NF-κB using the NF-κB p65 InstantOne ELISA Kit (eBioscience) according to manufacterer's recommended protocol. cholerae as indicated were sub-cultured into fresh LB broth and bacteria were grown with shaking at 37ºC. Optical density at A 600 was measured hourly. Suppl. Fig. 5 Suppl. Fig. 5 . ∆hlyA mutants do not secrete hemolysin. Strain shown on plates in Figure 2 were grown to mid-log phase in LB and supernatant fluids were assayed for lysis of sheep red blood cells. Hemolysis was measured at A 540 and percent hemolysis compared to a 100% hemolysis control induced by 1% TritonX-100. KFV70∆rtxA∆hlyA is the same strain as KFV101. 
% Hemolysis
Suppl. Fig. 6 Suppl. Fig. 6 . NLRP3def THP-1 cells purchased from Invivogen do not respond to LPS in the presence of 2 mM CaCl 2 , an inflammasome stimulatory pathway known to depend on NLRP3. cholerae El Tor strain P27459 or an isogenic hlyA deletion strain (left panels), or with classical strain O395 or ∆ctxA or ∆ctxAB mutants (right panels). Cellular lysates were collected and caspase-1 activation was assayed by western blotting.
